1. Background {#s0005}
=============

Oxidative stress induced by ultraviolet A (UVA) radiation has been recognized to play a crucial role in physiological and biological stress responses including dysregulation of melanogenesis in melanocytes and/or melanoma cells [@bib1], [@bib2]. Whereas melanin production primarily regulated by tyrosinase plays a beneficial role in protecting the skin against damaging effects of UV radiation, excessive formation of melanin could be harmful, in particular following UV exposure [@bib3], [@bib4].

UVA exposure has been demonstrated to play a crucial role in increased melanogenesis partly through induction of oxidative stress and impairment of antioxidant defense in melanocytes and/or melanoma cells [@bib5], [@bib6], improvement of antioxidant defense system to cope with the overwhelmed oxidative stress could thus be one of effective and safe approaches to inhibit melanogenesis and photodamaged skin. Nuclear factor E2-related factor 2 (Nrf2), an important transcription factor controlling the antioxidant response in various tissues including the skin, has been reported to play a beneficial role in cellular function and integrity by protecting skin cells including melanocytes against oxidative insults particularly from UV exposure [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12]. Attempts have thus been made to develop effective photoprotective agents targeting Nrf2.

Diet- and plant-derived phytochemicals have been proposed as good candidates for effective and safe photoprotective agents possibly due to their antioxidant and UV-absorbing properties [@bib13], [@bib14]. Phytochemicals having antioxidant properties including caffeic acid (CA), ferulic acid (FA), quercetin (QU) and rutin (RU) found abundantly in plant-based diets and beverages as well as sunscreen agents have been reported to exert photoprotective and depigmenting actions [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21]. In this study, we therefore aimed to investigate antimelanogenic effects of compounds with different antioxidant and UVA blocking properties in correlation to UVA-mediated modulation of Nrf2-ARE signaling pathway and its downstream antioxidants including γ-glutamate cysteine ligase (γ-GCL), the rate-limiting enzyme for GSH synthesis, glutathione S-transferase (GST) and NAD(P)H quinone oxidoreductase 1 (NQO1). At first, we examined whether depletion of Nrf2 using small-interfering RNA-mediated silencing of Nrf2 affected UVA-induced melanogenesis in primary human epidermal melanocytes (HEMn) and B16F10 melanoma cells. In addition, UVA irradiation was suggested to induce photodamaged skin through activation of MAPK signaling in association with oxidative stress responses in various types of skin cells [@bib22], [@bib23]. Thus, the role of MAPK signaling as upstream mediators that could regulate Nrf2 nuclear translocation in response to UVA irradiation was also evaluated in this study. Then, we explored the underlying mechanisms of dietary phenolics; CA and FA having ability to partially (approximately 30-50%) absorb UVA ray [@bib21] (Supplementary Table 1); QU and RU having strong UVA absorption properties as well as; AV, an efficient UVA filter which does not possess antioxidant activity, in protecting B16F10 cells against UVA-induced melanogenesis in association with inhibition of oxidative stress and oxidative DNA damage (8-hydroxy-2'--deoxyguanosine; 8-OHdG) through modulation of Nrf2-ARE signaling and its downstream antioxidants.

2. Materials and methods {#s0010}
========================

2.1. Cell cultures and treatment {#s0015}
--------------------------------

Primary human epidermal melanocytes (HEMn) (Lonza, Basel, Switzerland) were grown in Medium 254 (\#M-254-500) supplemented with human melanocyte growth supplement (HMGS) according to the manufacturer\'s instructions. B16F10 mouse melanoma cells (ATCC, Rockville, Md, USA), a gift from Assoc. Prof. Wajjwalku, Faculty of Veterinary Medicine, Kasetsart University, were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin (100 units/ml)/streptomycin (100 μg/ml). All cells were maintained at 37 ^ο^C in a humidified air of 5% CO~2~ (*P*~CO2~=40 Torr) (a Forma Scientific CO~2~ Water Jacketed Incubator).

To test whether cellular oxidative stress modulate melanogenesis, B16F10 cells were treated with H~2~O~2~ (up to 500 µM) without UVA irradiation for 30 min and with [l]{.smallcaps}-buthionine-(S,R)-sulfoximine; BSO (up to 500 µM), an inhibitor of gamma-glutamylcysteine synthetase, the first enzyme involved in GSH synthesis, for 24 h prior to UVA irradiation. To evalulate the effects of phenolics on melanogenesis induced by UVA through Nrf2-dependent antioxidant responses, cells were treated with test compounds (up to 30 µM) in Dulbecco's phosphate buffered saline (DPBS) for 30 min before exposure to a single dose of UVA radiation (8 J/cm^2^) and, to achieve a UVA dose required, the UV intensity was evaluated as previously described [@bib2], [@bib21]. The dose of UVA and concentrations of phenolics employed in this study were non-cytotoxic to both HEMn and B16F10 cells. To demonstrate an involvement of MAPK pathway in Nrf2 nuclear translocation, B16F10 cells were pretreated with 1 µM of specific ERK inhibitor (U0126), JNK inhibitor (SP600125) and p38 inhibitor (SB203580) in serum-free medium for 1 h prior to UVA (8 J/cm^2^) irradiation and then harvested at 1 h after irradiation for western blot analysis of nuclear/cytosolic Nrf2 ratio. After UVA irradiation, cells were washed, further incubated in serum-free medium and harvested at different time points as indicated in Results. The UVA source was a xenon arc lamp (Dermalight ultrA1; Hoenle, Martinsried, Germany).

For preparation of cell lysate, cells were harvested and resuspended in lysis buffer consisted of 50 mM Tris-HCl, 10 mM ethylene diaminetetraacetic acid (EDTA), 1% (*v*/*v*) Triton X-100, phenylmethylsulfonyl fluoride (PMSF) (100 mg/ml) and pepstatin A (1 mg/ml) in DMSO and leupeptin (1 mg/ml) in H~2~O, pH 6.8. The lysed cells were centrifuged at 10,000 rpm for 10 min at 4 °C and the total lysates were collected and either assayed immediately or stored frozen at −80 °C.

2.2. Silencing of Nrf2 via RNA interference (RNAi) {#s0020}
--------------------------------------------------

A combination of four gene-specific small-interfering RNA (siRNA) against human Nrf2 (NM_006164) was used (FlexiTube GeneSolution GS4780 for NFE2L2, Qiagen; Cat.\#:1027416). HEMn and B16F10 cells were transfected with 5 nM siRNA against Nrf2 (siNrf2) or equal molar non-silencing siRNA controls (siCtrl, Qiagen; Cat.\#:1022076) for 48 h. These siRNAs were earlier complexed with liposome carrier (HiPerFect Transfection Reagent, Qiagen; Cat.\#: 301705) at 0.08 μL/ng siRNA concentration by incubating mixture for 5--10 min at room temperature in serum-free culture medium. At 48 h post-transfection, cells were then washed with DPBS and subjected to UVA irradiation, following which melanin content, tyrosinase activity and protein were determined. Cells appeared normal morphologically and did not differ from untransfected cells in cell viability. At 48 h post-transfection, all siRNAs were verified to ensure achieving functional and specific silencing by evaluating mRNA and protein levels of Nrf2 and known Nrf2 target genes including GCLC, GCLM, GST and NQO1 before employment in all experiments. To evaluate melanogenic response of Nrf2-depleted cells to UVA irradiation, HEMn and B16F10 cells transfected with Nrf2-siRNA or non-silencing negative control siRNA (siCtrl) were irradiated with 8 J/cm^2^ of UVA and harvested at 1 h post-irradiation for determination of melanin content and tyrosinase activity and at 24 h post-irradiation for tyrosinase protein expression.

2.3. Melanin content assay {#s0025}
--------------------------

An evaluation of melanin production was performed as described previously [@bib19]. Cells were harvested at 1 h after UV radiation (8 J/cm^2^) and the cell pellets were solubilized in 1 N NaOH for 1 h to dissolve melanin, which was then measusred spectrophotometrically at 475 nm. The melanin content (μg/mg protein) was calculated by comparison to a standard curve derived using synthetic melanin.

2.4. Tyrosinase activity assay {#s0030}
------------------------------

The rate of [l]{.smallcaps}-DOPA oxidation was measured to assess cellular tyrosinase activity at 1 h following exposure to a UVA dose of 8 J/cm^2^. The assay was performed as previously described by Shin et al. [@bib12]. Briefly, 20 mM L-DOPA used as the substrates was added to each lysate in a 96-well plate and absorbance of dopachrome formation was measured spectrophotometrically at 475 nm every 10 min for 1 h at 37 °C by a spectrophotometer. The tyrosinase activity (unit/mg protein) was calculated by comparison to a standard curve using tyrosinase (2034 U/mg).

2.5. Measurement of intracellular glutathione content {#s0035}
-----------------------------------------------------

GSH level was spectrophotometrically measured using glutathione reductase (GR): (5,5′-dithio-bis-2-(nitrobenzoic acid) (DTNB) enzymatic recycling method following the kit protocol from Sigma-Aldrich (MO, US). The assay is based on conversion of glutathione disulfide (GSSG) to GSH by GR in the presence of NADPH and GSH oxidation by the sulfhydryl reagent DTNB to produce the yellow TNB (5′-thio-2-nitrobenzoic acid) measured at 412 nm. The rate of TNB production is directly proportional to this recycling reaction in turn directly proportional to the concentration of GSH. The GSH level was calculated by comparing the valued obtained with a standard curve of GSH and was expressed in nmol/mg protein.

2.6. Measurement of glutathione-S-transferase activity {#s0040}
------------------------------------------------------

GST activity was measured following the kit protocol from Cayman chemical (Ann Arbor, MI). The assay is based on GST-catalyzed conjugation of GSH to 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. The GS-DNB conjugate was determined spectrophotometrically at 340 nm immediately and every 30 s for 10 min. 10 μl of 100 mM CDNB was added to start the reaction of 20 μl of sample or positive control GST with 20 μl of 200 mM GSH in 150 μl of assay buffer (100 mM potassium phosphate, pH 6.5, containing 0.1% Triton X-100). One unit of GST activity is defined as the amount of enzyme that catalyzes 1 nmol of GS-DNB conjugate/min and the results were expressed as nmol/min/mg protein).

2.7. Measurement of NQO1 activity {#s0045}
---------------------------------

B16F10 cells were harvested at 4 h post-irradiation, and NQO1 activity in cell lysates was measured using 2,6-dichloroindophenol (DCPIP) as a substrate as previously described [@bib24]. The assay was based on the activities for NAD(P)H-dependent reduction of DCPIP at 600 nm and the reaction was specifically inhibited by dicumarol. Briefly, reactions contained 25 mM Tris-HCl, pH 7.4, 0.17 mg/ml bovine serum albumin, 0.2 mM NADH and sample. 80 µM DCPIP was added to initiate the reactions and the NQO1 activity was measured as the dicumarol inhibitable reduction in absorbance at 600 nm. The NQO1 activity was expressed as nmole DCPIP reduced/min/mg protein.

2.8. Determination of protein content {#s0050}
-------------------------------------

Protein concentration was measured using the Bio-Rad Protein Assay Kit (Bio-Rad, Germany) and bovine serum albumin (BSA) was used as protein standard.

2.9. Determination of intracellular oxidant formation by flow cytometry {#s0055}
-----------------------------------------------------------------------

The assay is based on oxidation of non-fluorescent dichlorofluorescein (H~2~DCFDA) by intracellular ROS to fluorescent 2,7-DCF. After UVA irradiation, cells were washed and incubated with serum-free DMEM for 30 min. Then, cells were incubated in DPBS with 5 μM H~2~DCFDA at 37 °C for 30 min and analyzed by flow cytometery using a fluorescence activated cell sorter (FACS-calibur).

2.10. Protein preparation and western blot analysis {#s0060}
---------------------------------------------------

### Protein extraction {#s0065}

Western blotting were carried out using whole cell extracts for detection of tyrosinase, GCLC, GST and NQO1 protein expressions and cytosolic, and nuclear extracts for Nrf2 levels. Whole cells were extracted by incubation for 10 min at 4 °C with RIPA (radioimmunoprecipitation assay) buffer containing 10% NP40, 5 M NaCl, 1 M HEPES (pH 7.4), 0.5 M EDTA (pH 8.0) and proteinase inhibitor cocktail. Cytosolic and nuclear extraction were prepared using a commercial kit according to the manufacturer's instructions (Sigma). Cells were washed with DPBS and collected in micro-centrifuge tubes. Cell pellets were suspended in 100 µl of hypotonic lysis buffer containing 0.01 M DTT and proteinase inhibitor cocktail. Cells were incubated on ice for 15 min and lysed in ice-cold cytosolic extraction buffer containing 10% IGEPAL CA-630. Lysate mixtures were centrifuged at 11,000 rpm for 1 min at 4 °C, and the supernatant was collected as the cytosolic extract. Nuclear pellets were suspended in 60 µl of nuclear extraction buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl, 0.42 M NaCl, 0.2 mM EDTA, and 25% (*v*/*v*) Glycerol) containing 0.01 M DTT and proteinase inhibitor cocktail. The mixtures were incubated on ice with intermittent vortexing for 15--30 min. Then, extracts were centrifuged at 14,000 rpm for 10 min and the supernatant was collected as the nuclear extract.

### Western blotting {#s0070}

Protein concentrations were quantified using the Bradford method (Bio-Rad, Germany).

The proteins were resolved by a 10% (w/v) SDS-PAGE gel and transferred to a nitrocellulose membrane. The membranes were blocked with 5% skim milk (Tris-buffer saline containing 0.1% (*v*/*v*) Tween 20 and 5% (w/v) skim milk) for 1.5 h and then incubated overnight at 4 °C with the primary antibody against tyrosinase (ab178676; Abcam, Cambridge, MA, USA) (1:10000), Nrf2 (sc-722; Santa Cruz Biotechnology, Santa Cruz, CA) (1:2000), GCLC (ab53179; Abcam, Cambridge, MA, USA) (1:2000), GST (sc-459; Santa Cruz Biotechnology, Santa Cruz, CA) (1:1000) and NQO1 (ab34173; Abcam, Cambridge, MA, USA) (1:2000) in 5% skim milk. The membranes were washed 3 times with a PBS solution of 0.1% (v/v) Tween 20 for 30 min and incubated for 1.5 h at room temperature with the the HRP-conjucated secondary antibodies (ab6789 for anti-mouse and ab6721 for anti-rabbit HRP labeled secondary antibody; Abcam, Cambridge, MA, USA) (1:2000) in 5% skim milk. Immunoreactivity is detected using the Bio-Rad Clarity western ECL (Bio-Rad). Protein bands were imaged using an ImageQuant LAS 4000 digital imaging system (GE Healthcare, UK) and the integrated optical density of the bands was analyzed by the Image-J software version 1.45 s (National institutes of health, USA). The protein expressions were normalized to expression of loading controls; α-Tubulin (ab7291; Abcam, Cambridge, MA, USA) (1:5000) for whole cell proteins or cytosol Nrf2 and TATA binding protein (TBP) (ab818; Abcam, Cambridge, MA, USA) (1:2000) for nuclear Nrf2. Cells treated with sulforaphane (an Nrf2 activator; 10 μM) was used as positive control for Nrf2 nuclear translocation.

2.11. Quantitative real-time reverse transcriptase-polymerase chain reaction for measurement of mRNA expression {#s0075}
---------------------------------------------------------------------------------------------------------------

Total RNA was isolated using the illustra RNAspin Mini RNA Isolation Kit (GE Healthcare, UK). Reverse transcription was carried out with 1 μg of total RNA using the Improm-II reverse transcriptase (Promega, Medison, USA) under the conditions described in the kit manual. Reactions were performed in triplicate for each sample in the ABI Prism 7500 Real Time PCR System (Applied Biosystems, USA) under the following amplification conditions: 95 °C for 10 min, 40 cycles of 95 °C for 15 s, 60 °C for 40 s, and 72 °C for 40 s. Real-time RT-PCR was performed in a total volume of 25 μl of reaction mixtures containing 5 μl cDNA template with FastStart universal SYBR Green Master (ROX) and 10 μM concentrations of primers. Primers for PCR were designed using the Primer Express software version 3.0 (Applied Biosystems, USA). Sequences of PCR primer sets of genes studied were shown in [Table 1](#t0005){ref-type="table"}. The mRNA level was normalized with reference to the amount of housekeeping gene transcripts (GAPDH mRNA). The mean Ct from mRNA expression in cDNA from each sample was compared with the mean Ct from GAPDH determinations from the same cDNA samples.

2.12. Determination of Nrf2-ARE transcriptional activity {#s0080}
--------------------------------------------------------

Transcriptional activity of Nrf2-ARE was determined using the Cignal™ Antioxidant Response Reporter (luc) Kit (SABiosciences, Qiagen, USA). B16F10 cells were transfected in 24-well plate for 16 h with an Nrf2-responsive firefly luciferase reporter plasmid and a control plasmid constitutively expressing *Renilla* luciferase (SABiosciences, Qiagen) in Lipofectamine^®^ LTX & Plus Reagent (Invitrogen, USA) according to the manufacturer's instructions. The transfected cells were pretreated with CA, QU and AV (up to 30 µM) for 30 min before exposure to UVA (8 J/cm^2^). Cells were washed, further incubated in serum-free medium and harvested at 1 h after UVA irradiation. The firefly and Renilla luciferase activities were measured using a Dual-Glo Luciferase Assay Kit (Promega, USA) in a luminometer (FLUOstar Omega, BMG labtech, Germany). Firefly luciferase activity was normalized to *Renilla* luciferase activity to account for transfection efficiency,.

2.13. 8-hydroxydeoxyguanosine (8-OHdG) analysis {#s0085}
-----------------------------------------------

DNA was isolated using DNA extraction kit (Geneaid, UKAS) according to the protocol's instruction and the RNA-free DNA obtained was used to determine 8-OHdG levels using Oxiselect oxidative DNA damage ELISA kit (cell Biolabs, San Diego, CA) according to manufacturer's instructions.

2.14. Statistical analysis {#s0090}
--------------------------

Data are expressed as means±standard deviation of the mean (SD) of at least three separate experiments (*n*≥3) performed on different days using freshly prepared reagents. The significance of non-irradiated controls or individual treatment groups in comparison to the UVA-irradiated groups was evaluated by independent *t*-test (Student's; 2 populations) or one-way analysis of variance (ANOVA) followed by Tukey or Dunnett tests, where appropriate, using Prism (GraphPad Software Inc., San Diego, CA).

3. Results {#s0095}
==========

3.1. SiRNA knockdown of Nrf2 in HEMn and B16F10 cells enhanced melanogenesis in response to UVA irradiation {#s0100}
-----------------------------------------------------------------------------------------------------------

To verify efficacy of siRNA against Nrf2, mRNA levels of Nrf2 and its target antioxidants and Nrf2 protein of transfected HEMn and B16F10 cells were evaluated by real-time RT-PCR ([Fig. 1](#f0005){ref-type="fig"}A) and western blot ([Supplementary Figure 1](#s0145){ref-type="fn"}), respectively, at 48 h after transfection with either Nrf2-siRNA or siCtrl. [Fig. 1](#f0005){ref-type="fig"}A showed a pronounced reduction of Nrf2 mRNA by ∼70% and mRNA levels of its target antioxidants including GCL and GST by ∼50% as well as NQO1 by ∼60% in both HEMn and B16F10 cells compared with untransfected and siCtrl cells. Nrf2-siRNA used in this study thus efficiently reduced Nrf2 and its downstream target genes and protein levels in both HEMn and B16F10 cells. Expression of Nrf2 and its target genes and protein levels in cells transfected with siCtrl were not different from the untransfected cells.

The effects of Nrf2 on melanogenesis were examined in HEMn and B16F10 cells with and without UVA exposure. UVA irradiation led to a significant induction of melanin content and tyrosinase activity as well as a substantial upregulation of tyrosinase protein in untransfected HEMn and B16F10 cells and siCtrl-transfected cells. Our findings indicated that partial knockdown of Nrf2 significantly stimulated melanin content ([Fig. 1](#f0005){ref-type="fig"}B) as well as activity ([Fig. 1](#f0005){ref-type="fig"}C) and protein expression ([Fig. 1](#f0005){ref-type="fig"}D) of tyrosinase in both HEMn and B16F10 cells compared to siCtrl-transfected cells in response to UVA exposure. Nevertheless, when the cells were not exposed to UVA, levels of melanogenesis in both HEMn and B16F10 cells treated with siNrf2 were comparable to those in siCtrl-transfected cells.

3.2. The test phenolics inhibited UVA-induced melanin content as well as tyrosinase activity and protein expression in B16F10 cells {#s0105}
-----------------------------------------------------------------------------------------------------------------------------------

Since our findings suggested that Nrf2 could play a role in melanogenesis upon UVA challenge, we then examined whether antimelanogenic mechanisms of antioxidant phenolics with different UVA blocking properties involved modulation of Nrf2-mediated antioxidant responses. Our data showed that pattern of melanogenesis in response to UVA exposure was similar between Nrf2-depleted HEMn and B16F10 cells. B16F10 cells could therefore be used for further assessment of antimelanogenic effects of test compounds in association with modulation of Nrf2. We evaluated whether cellular oxidative stress affected melanogenesis, which was enhanced in Nrf2-depleted B16F10 cells in response to UVA irradiation, and observed that the treatment of B16F10 cells with H~2~O~2~ alone for 30 min and with BSO for 24 h prior to UVA exposure led to a pronounced induction of melanin content ([Fig. 2](#f0010){ref-type="fig"}A) and tyrosinase activity ([Fig. 2](#f0010){ref-type="fig"}B).

Our study then assessed inhibitory effects of phenolics with partial UVA absorption properties; CA and FA, phenolics with strong UVA absorption properties; QU and RU, and AV; an effectient chemical UVA filter, at non-toxic concentrations on UVA-dependent melanogenesis in B16F10 cells. A drastic augmentation in melanin production ([Fig. 2](#f0010){ref-type="fig"}C), tyrosinase activity, ([Fig. 2](#f0010){ref-type="fig"}D) and tyrosinase protein expression ([Fig. 2](#f0010){ref-type="fig"}E) was found in B16F10 cells irradiated with a UVA dose of 8 J/cm^2^. Nevertheless, treatment with test compounds before UV irradiation led to a pronounced inhibition of melanin production and tyrosinase activity. Based on the IC~30~ values, the rank order of test compounds' abilities to inhibit UVA-mediated melanin content and tyrosinase activitiy was QU\>RU≈CA≈AV\>FA ([Table 2](#t0010){ref-type="table"}), suggesting that CA produced greater inhibitory effect than FA and QU than RU. Thus, CA, QU and AV, a UVA sunscreen, were chosen for further experiments. Our findings demonstrated that all test compounds suppressd tyrosinase protein expression in UVA-irradiated B16F10 cells compared to irradiated cells in the absence of test compounds. Moreover, QU was found to yield the highest activity against UVA-induced melanogenesis.

3.3. The test phenolics inhibited UVA-induced ROS formation, 8-OHdG DNA damage and GSH depletion in B16F10 cells {#s0110}
----------------------------------------------------------------------------------------------------------------

To examine whether antimelanogenic effects of test compounds associated with their inhibitory actions against UVA-mediated cellular oxidative stress, we determined formation of ROS and 8-OHdG, a well-recognized oxidative damage biomarker of skin photodamage [@bib25], as well as level of GSH, considered an indicative of cellular oxidative stress, in response to a UVA challenge. At 1 h following irradiation, UVA irradiation substantially induced ROS formation and depleted GSH level in irradiated B16F10 cells as compared to non-irradiated cells, although the presence of all test phenolics and AV reversed UVA-mediated ROS production ([Fig. 3](#f0015){ref-type="fig"}A) and GSH reduction ([Fig. 3](#f0015){ref-type="fig"}C) as compared to irradiated B16F10 cells without treatment with test compounds. Additionally, treatment with CA, QU and AV was observed to markedly suppress 8-OHdG formation in B16F10 cells exposed to UVA irradiation ([Fig. 3](#f0015){ref-type="fig"}B). We also evaluated the protective effects of CA, QU and AV against increased 8-OHdG levels induced by H~2~O~2~ challenge and observed that CA and QU but not AV were able to inhibit H~2~O~2~-mediated 8-OHdG formation, suggesting that AV exerted photoprotective effects against oxidative DNA damage probably through sunscreen action but not antioxidant action.

In addition, all test compounds at the highest concentrations (30 μM) used did not substantially affect melanin content, tyrosinase activity and oxidant formation in the cells without UVA irradiation ([Supplementary Figure 2](#s0145){ref-type="fn"}).

3.4. CA, QU and AV inhibited UVA-mediated downregulation of nuclear Nrf levels and Nrf2-ARE transcriptional activity in B16F10 cells {#s0115}
------------------------------------------------------------------------------------------------------------------------------------

Nrf2, which binds to the ARE, is crucial for transcriptional regulation of antioxidant enzymes. We further examined whether antimelanogenic effects of test phenolics involved modulation of Nrf2 nuclear accumulation and its transcriptional activity, we assessed nuclear/cytosolic Nrf2 ratio indicating nuclear translocation of Nrf2 and ARE luciferase activity. As shown in [Fig. 4](#f0020){ref-type="fig"}A, UVA (8 J/cm^2^) irradiation was found to mediate time-dependent alterations in Nrf2 nuclear accumulation. A pronounced decrease in nuclear/cytosolic Nrf2 ratio in irradiated cells was observed at 1 h following UVA exposure compared to non-irradiated cells, although a substantial recovery in the nuclear/cytosolic Nrf2 ratio was detected by 6 h in irradiated cells compared to non-irradiated control cells. Moreover, while exposure to UVA resulted in a marked decline in Nrf2 nuclear translocation and transactivation at 1 h following irradiation, time-dependent elevation of Nrf2 mRNA levels was observed in irradiated cells at 2 and 4 h and a decline to the basal level was found by 8 h after UVA exposure ([Fig. 4](#f0020){ref-type="fig"}B).

Since MAPK signaling pathway was suggested to modulate Nrf2 at protein levels, to further support above findings indicating downregulation of Nr2 nuclear accumulation at 1 h post-irradiation, we tested the effect of specific inhibitors of ERK, JNK and p38 MAPK pathways on Nrf2 nuclear translocation in response to UVA irradiation. Induction of phosphorylated-MAPK protein levels including pERK, pJNK and pp38 was observed within 5 min and remained increased for 30 min following UVA irradiation ([Supplementary Figure 3](#s0145){ref-type="fn"}). Our findings demonstrated that nuclear to cytosolic Nrf2 ratios were markedly enhanced by blocking the ERK, JNK and p38 pathway with U0126, SP600125 and SB203580 at non-cytotoxic concentrations of 1 μM in irradiated B16F10 cells compared to irradiated cells without MAPK inhibitors ([Fig. 4](#f0020){ref-type="fig"}C).

Protective effects of CA, QU and AV on UVA-induced downregulation of Nrf2 nuclear accumulation and its transcriptional activity were further evaluated. In consistent with Nrf2 nuclear translocation data, exposure of B16F10 cells to UVA resulted in reduction of ARE luciferase activity at 1 h post-irradiation. Treatment with test compounds prior to UVA irradiation reversed UVA-mediated downregulation of nuclear/cytosolic Nrf2 ratio ([Fig. 4](#f0020){ref-type="fig"}D) and ARE luciferase activity ([Fig. 4](#f0020){ref-type="fig"}E) as compared to irradiated B16F10 cells without compound treatment. In addition, test phenolics at the highest concentration did not affect nuclear Nrf2 levels ([Fig. 4](#f0020){ref-type="fig"}D) and Nrf2-ARE activity in non-irradiated cells ([Fig. 4](#f0020){ref-type="fig"}E).

3.5. CA, QU and AV inhibited UVA-mediated mRNA downregulation of γ-GCLC, γ-GCLM, GST and NQO1 in B16F10 cells {#s0120}
-------------------------------------------------------------------------------------------------------------

We further investigated whether the their inhibitory effects involved the transcriptional modulation of Nrf2 target genes. As shown in [Fig. 5](#f0025){ref-type="fig"}, UVA caused a significant decline in mRNA levels of γ-GCLC and γ-GCLM ([Fig. 5](#f0025){ref-type="fig"}A), GST ([Fig. 5](#f0025){ref-type="fig"}B) and NQO1 ([Fig. 5](#f0025){ref-type="fig"}C) at 2 h post-irradiation compared to non-irradiated cells, although pretreatment with test compounds was able to reverse UVA-mediated downregulation of all genes studied.

3.6. CA, QU and AV inhibited UVA-induced decreased protein expression and activity of Nrf2 target antoxidants in B16F10 cells {#s0125}
-----------------------------------------------------------------------------------------------------------------------------

We further assessed whether test compounds also have abilities to modulate Nrf2-mediated antioxidant response. In accordance with results showing time-dependent effect of UVA irradiation on Nrf2 nuclear accumulation, UVA irradiation was observed to result in time-course changes in protein expression of Nrf2 target antioxidants including GCLC, GST and NQO1 ([Fig. 6](#f0030){ref-type="fig"}A). A marked reduction of GCLC, GST and NQO1 protein expressions in UVA-irradiated cells was observed at 6 h post-irradiation as compared to non-irradiated cells, although a substantial restoration in the antioxidant protein levels was detected by 12 h. To investigate whether the test compounds could restore UVA-mediated impairment of Nrf2 target antioxidants, we therefore determined whether test compounds were able to abrogate UVA-mediated reduction of antioxidant protein levels and activities at 4 h post-irradiation. As shown in [Fig. 6](#f0030){ref-type="fig"}B, while a decline in GCLC, GST and NQO1 protein expressions as well as in enzyme activities of GST and NQO1 in response to UVA exposure was observed, treament with test compounds prior to UVA challenge provided a concentration-dependent induction in GST ([Fig. 6](#f0030){ref-type="fig"}C) and NQO1 ([Fig. 6](#f0030){ref-type="fig"}D) activities in irradiated cells. In addition, pretreatment with all phenolics did not affect activities of the antioxidant enzymes studied in non-irradiated cells ([Supplementary Figure 4](#s0145){ref-type="fn"}).

4. Discussion {#s0130}
=============

Nrf2 is a master regulator of antioxidant and cytoprotective genes in response to environmental insults including UV irradiation and hence plays a beneficial role in protection against photooxidative stress in the skin cells including melanocytes [@bib10], [@bib11], although whether modulation of Nrf2 by phytochemicals can protect against UVA-dependent melanogenesis has not been reported. Our findings suggested that while genetic silencing of Nrf2 without UVA challenge did not affect melanogenesis, an immediate increase in melanin content as well as tyrosinase activity and protein expression was observed in Nrf2-depleted HEMn and B16F10 cells in response to UVA exposure. It is possible that, under oxidative insults induced by UVA, defective Nrf2 may promote melanogenesis through increased ROS formation and depleted GSH level. Our observations are in agreement with a previous study suggesting a protective role of Nrf2 in melanogenesis [@bib12].

UV irradiation and alpha-melanocyte-stimulating hormone can cause an immediate stimulation of tyrosinase activity and increase biosynthesis of melanin through transcriptional and translational upregulation of tyrosinase possibly through ROS-related signaling [@bib26], [@bib27], [@bib28]. Our findings indicated that UVA irradiation was able to stimulate melanin production as well as activity and protein level of tyrosinase in association with oxidative stress, indicated by enhanced formation of ROS and 8-OHdG as well as GSH depletion.

A number of studies suggested that phytochemicals having antioxidant activities produced benefical effects against photodamage and photocarcinogenesis of the skin through promotion of Nrf2 [@bib29], [@bib30], [@bib31], [@bib32]. We addressed whether antimelanogenic mechanisms of dietary phytochemicals with different UVA-absorbing properties involved modulation of Nrf2-regulated antioxidant defenses. CA and FA having partial UVA absorption properties, QU and RU with strong UVA absorption properties as well as AV, which possessed UVA blocking but not antioxidant properties, were shown to suppress UVA-induced melanogenesis in correlation with abrogation of ROS and oxidative DNA damage formation as well as GSH loss in B16F10 cells. We further evaluated the effects of UVA challenge on Nrf2-ARE signaling and its downstream antioxidants and observed that a single dose of UVA irradiation led to time-dependent alterations of nuclear accumulation of Nrf2 and its target antioxidant proteins including GCLC, GST and NQO1 in B16F10 cells. While UVA-mediated downregulation of Nrf2 was not achieved at transcriptional level, a decrease in Nrf2 nuclear translocation and its transcriptional activity occurred as early as 1 h post-irradiation. Additionally, UVA was shown to cause a pronounced downregulation of mRNA and protein expressions of its target antioxidants (GCLC, GST and NQO1), although a recovery of nuclear Nrf2 level and protein levels of its target antioxidants was observed at later time points. Control of Nrf2 nuclear translocation crucial for its function in Nrf2 antioxidant response pathway is complicated. While nuclear accumulation of Nrf2 was enhanced by UVB at low dose in mouse hepatoma, human skin fibroblast and keratinocyte cells as well as by UVA in dermal fibroblasts after 2 h, a high dose of UVB irradiation was found to diminish nuclear translocation of Nrf2 [@bib33]. Moreover, depletion of peroxiredoxin I, which can be induced by oxidative stimuli, was observed to reduce Nrf2 expression, leading to increased sensitivity to UVA exposure in mouse embryonic fibroblasts (MEF) [@bib34]. In response to ROS-mediated DNA damage, activation of p53, which played a vital role in stimulation of apoptosis, led to suppression of Nrf2-dependent transcription of antioxidant response genes [@bib35].

Furthermore, oxidative stress could either upregulate or downregulate Nrf2 nuclear translocation through upstream signaling kinases. We then investigated the role of MAPK signaling in UVA-mediated Nrf2 nuclear translocation in B16F10 cells and found that, under oxidative stress induced by UVA radiation, suppression of ERK, JNK and p38 MAPK pathways resulted in diminished nuclear/cytosolic ratio of Nrf2 in response to UVA challenge in B16F10 cells. Downregulation of Nrf2 nuclear accumulation was possibly attributed to UVA-dependent upregulation of phosphorylated-MAPK pathways. Previous studies also observed that interference with kinase signaling pathways including ERK and p38 MAPK was shown to cause reduction of Nrf2 nuclear translocation and its transcriptional activity in microglia, neuronal cells and cardiac cells [@bib36], [@bib37], [@bib38] and homocysteic acid was found to induce oxidative stress through downregulation of Nrf2 pathways in association with increased JNK phosphorylation in HT-22 neuronal cells [@bib39]. Taken together with our findings showing that oxidative stress could either upregulate or downregulate Nrf2 through upstream signaling kinases, oxidative insults may play a dual role in control of Nrf2 that is dependent on cell types, intensity of oxidative stimuli, time after exposure to stress, basal Nrf2 level and Keap-1 function.

This study and our previous findings suggested that a transient downregulation of nuclear Nrf2 and its downstream antioxidants could be an early response to a single UV dose and adaptive response to oxidative stress leads to restoration of antioxidant defenses at translational and transcriptional levels at later time points, probably through upregulation of Nrf2 in order to maintain redox balance [@bib6].

We further determined the effects of test compounds on UVA-mediated diminished downstream antioxidant enzymes through modulation of Nrf2 in B16F10 cells. Our results suggested that test compounds (CA, QU and AV) could potentially reverse downregulation of Nrf2 nuclear translocation and Nrf2-ARE activity at 1 h following UVA irradiation in B16F10 cells. Findings from this study also indicated that pretreatment with CA, QU and AV could restore UVA-mediated reduction of Nrf2 target antioxidant genes and proteins including GCLC, GST and NQO1 and the corresponding enzyme activites in B16F10 cells. Previous studies using cultured skin fibroblasts, keratinocytes and reconstructed human skin model demonstrated that treatment with several electrophiles or phytochemicals for longer period (up to 4--48 h) caused upregulation and activation of Nrf2 in association with the photoprotective actions Electrophilic compounds known as selective and potent Nrf2 activators have been widely investigated and suggested to play a role in protecting the skin against environmental stressors [@bib40], [@bib41], [@bib42], [@bib43], [@bib44]. Nevertheless, our study demonstrated that test compounds did not provide a direct regulatory effect on Nrf2 because treatment with test compounds alone for 30 min did not significantly affect ROS formation nor Nrf2 nuclear translocation and transcriptional activity detected at later time-points in non-irradiated cells.

Therefore, we proposed here that antioxidant and UVA blocking compounds could potentially provide an early protection against UVA-induced oxidative stress in correlation with enhanced melanogenesis, probably through indirect regulation of Nrf2-ARE pathway. Moreover, QU was shown to yield the inhibitory effects at lower doses than those of other compounds in all the experiments performed in this study, indicating that, QU, a powerful antioxidant having strong UVA absorption property, may produce the greatest protective effects on UVA-mediated melanogenesis, oxidative damage and downregulation of Nrf2 and its downstream antioxidants. Hence, abilities to reverse impaired Nrf2 signaling pathway is probably associated with antioxidant potentials of photoprotective agents.

Redox regulation of pigmentation through Nrf2-regulated antioxidant responses is complex. Impaired Nrf2-ARE signaling associated with melanocyte degeneration by oxidative stress that could be implicated in depigmentation should also be taken into account [@bib11]. Additionally, Nrf2 is tightly regulated in the cytosol by Keap-1 and further studies are thus needed concerning the effects of phytochemicals on function of Keap-1 in regulation of melanogenesis in response to UV irradiation.

In summary, depletion of Nrf2 could stimulate melanogenesis under UVA irradiation possibly through oxidative stress mechanisms. In this respect, targeting Nrf2-mediated antioxidant defenses may be a potential strategy for prevention and inhibition of skin hyperpigmentation. Test phenolics exhibited antimelanogenic effect in correlation with their antioxidant potentials against UVA-mediated downregulation of Nrf2 and its downstream antioxidants in B16F10 cells. Indirect modulation of Nrf2-ARE pathway to promote redox balance by photoprotective compounds with antioxidant or sunscreen actions may provide a pharmacological insight for protection against photooxidative damage and hyperpigmentation.
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![Effects of Nrf2 knockdown on melanogenesis in HEMn and B16F10 cells in response to UVA irradiation. (A) HEMn and B16F10 cells were transfected with 5 nM Nrf2-siRNA (siNrf2) or non-silencing siRNA control (siCtrl) for 48 h. mRNA levels of Nrf2 and its target antioxidants (GCLC, GCLM, GST and NQO1) of HEMn and B16F10 cells transfected with siNrf2 were evaluated by real-time RT-PCR. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus siCtrl-transfected cells. (B) Melanin content and (C) tyrosinase activity were measured in HEMn and B16F10 cells transfected with siNrf2 or siCtrl at 1 h following UVA (8 J/cm^2^) irradiation. (D) Tyrosinase protein expression was measured in HEMn and B16F10 cells transfected with siNrf2 or siCtrl at 24 h post-irradiation. Data was expressed as mean±SD. The statistical significance of differences was evaluated by one-way ANOVA followed by Dunnett's test. ^\#^*P*\<0.05; ^\#\#^*P*\<0.01 versus siCtrl-transfected cells without UVA irradiation. \*\**P*\<0.01; \*\*\**P*\<0.001 versus siNrf2-transfected cells irradiated with UVA.](gr1){#f0005}

![The protective effects of CA, FA, QU, RU and AV on UVA-induced melanogenesis in B16F10 cells. (A) Melanin content and (B) tyrosinase activity of B16F10 cells pretreated with H~2~O~2~ alone for 30 min and with BSO for 24 h prior to UVA (8 J/cm^2^) exposure. (C) Melanin and (D) tyrosinase activity of cells pretreated with test compounds prior to UVA (8 J/cm^2^) exposure. Levels of melanin content and tyrosinase activity were measured at 1 h after UVA irradiation. (E) Tyrosinase protein level was examined by western blot analysis at 24 h after UVA irradiation. Data was represented as the means±SD from at least three independent experiments. The statistical significance of differences between the control and irradiated cells was evaluated by Student's *t* test and between UVA-irradiated and compounds-treated cells by one-way analysis of variance (ANOVA) with Dunnett's multiple comparison test. ^\#\#\#^*P*\<0.001 versus unirradiated control cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus untreated cells exposed to UVA.](gr2){#f0010}

![The protective effects of CA, FA, QU, RU and AV on UVA-induced oxidative damage and GSH depletion. (A) Oxidant formation was examined in B16F10 cells pretreated with test compounds at 1 h after UVA irradiation (8 J/cm^2^) and H~2~O~2~ (250 µM) treatment. Determination of DCFDA was performed by flow cytometry and data was expressed as a percentage of control (100%, non-irradiated and untreated cells). (B) 8-OHdG and (C) GSH levels were determined at 1 h after UVA irradiation. Data was expressed as mean±SD from at least three independent experiments. The statistical significance of differences between the control and UVA or H~2~O~2~-treated cells was evaluated by Student's t test and between UVA or H~2~O~2~-treated and compounds-treated cells by one-way ANOVA followed by Dunnett's test. ^\#\#\#^*P*\<0.001 versus unirradiated control cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus untreated cells subjected to UVA or H~2~O~2~.](gr3){#f0015}

![The protective effects of CA, QU and AV on UVA-suppressed Nrf2 nuclear translocation and Nrf2-ARE transcriptional activity. (A) Time-dependent effects of UVA (8 J/cm^2^) on Nrf2 nuclear translocation in B16F10 cells harvested at various times after UVA exposure. Western blot was performed to determine Nrf2 nuclear translocation at 1, 3, 6 and 12 h post-irradiation. Nrf2 was detected at 68 kDa, TATA binding protein (TBP), the loading control for nuclear protein, at 37 kDa and and α-Tubulin, the loading control for cytosol protein, at 50 kDa. Cells treated with 10 µM of sulforaphane (SF) for 6 h was used as positive control. (B) Nrf2 mRNA was assessed at 15 min, 2, 4 and 8 h after UVA exposure. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus unirradiated control cells. (C) Nrf2 nuclear accumulation was detected in B16F10 cells pretreated with 1 µM of ERK inhibitor (U0126), JNK inhibitor (SP600125) and p38 inhibitor (SB203580) for 1 h before UV exposure and harvested at 1 h post-irradiation. Protection against UVA-dependent reduced (D) nuclear translocation of Nrf2 and (E) Nrf2-ARE activity by test compounds was examined in B16F10 cells at 1 h after UVA irradiation. Nrf2 activity was determined by a dual luciferase assay after transfection of the cells with ARE luciferase reporter construct. The data are represented as means±SD of three independent experiments. The statistical significance of differences between the control and irradiated cells was evaluated by Student's *t* test and between UVA-irradiated and compounds-treated cells by one-way analysis of variance (ANOVA) with Dunnett's multiple comparison test. ^\#\#\#^*P*\<0.001 versus unirradiated control cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\* *P*\< 0.001 versus untreated cells exposed to UVA.](gr4){#f0020}

![The protective effects of CA, QU and AV on UVA-mediated downregulation of Nrf2 target genes. (A) γ-GCL (γ-GCLC and γ-GCLM), (B) GST and (C) NQO1 mRNA expressions were assessed by real-time RT-PCR analysis at 2 h after UVA irradiation in B16F10 cells pretreated with test compounds. The statistical significance of differences between the control and irradiated cells was evaluated by Student's *t* test and between UVA-irradiated and compounds-treated cells by one-way analysis of variance (ANOVA) with Dunnett's multiple comparison test. ^\#\#^*P*\<0.01; ^\#\#\#^*P*\<0.001 versus unirradiated control cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus untreated cells exposed to UVA.](gr5){#f0025}

![The protective effects of test compounds on UVA-mediated downregulation of Nrf2 target protein and antioxidant enzyme activities. (A) Time-dependent effects of UVA (8 J/cm^2^) on Nrf2 target proteins (GCLC, GST and NQO1) in B16F10 cells were determined by Western blot analysis at 3, 6 and 12 h post-irradiation. \*\*\**P*\<0.001 versus unirradiated control cells. (B) At 6 h after UVA irradiation, Nrf2 target proteins were examined in B16F10 cells pretreated with test compounds (CA, QU and AV) at 7.5--30 µM. GCLC, GST, NQO1 and the loading control (α-Tubulin) were detected at 73, 25, 31 and 50 kDa, respectively. Enzyme activities of (C) GST and (D) NQO1 in B16F10 cells pretreated with test compounds (CA, QU and AV) at 6 h after UVA irradiation. The statistical significance of differences between the control and irradiated cells was evaluated by Student's *t* test and between UVA-irradiated and compounds-treated cells by one-way analysis of variance (ANOVA) with Dunnett's multiple comparison test. ^\#\#\#^*P*\<0.001 versus unirradiated control cells. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 versus untreated cells exposed to UVA.](gr6){#f0030}

###### 

Sequences (in 5′-3′ direction) of primers used in this study.

Table 1

  Primer              Sequences                         Product size (bp)   GeneBank
  ------------------- --------------------------------- ------------------- -------------
  Nrf2 (sense)        TTCTGTTGCTCAGGTAGCCCCTCA          161                 NM_006164.4
  Nrf2 (antisense)    GTTTGGCTTCTGGACTTGG                                   
  GCLC (sense)        GCTGTCTTGCAGGGAATGTT              160                 NM_001498.2
  GCLC (antisense)    ACACACCTTCCTTCCCATTG                                  
  GCLM (sense)        TTGGAGTTGCACAGCTGGATT             200                 NM_002061.2
  GCLM (antisense)    TGGTTTTACCTGTGCCCACTG                                 
  GST (sense)         CCTGTACCAGTCCAATACCATCCT          72                  NM_000852.3
  GST (sense)         TCCTGCTGGTCCTTCCCATA                                  
  NQO-1 (sense)       ATGACAAAGGACCCTTCCGGAGTAA         245                 NM_000903.2
  NQO-1 (antisense)   ATTCTCCAGGCGTTTCTTCCATCCT                             
  GAPDH (sense)       CCT CCA AAA TCA AGT GGG GCG ATG   150                 NM_002046.3
  GAPDH (antisense)   CGA ACA TGG GGG CAT CAG CAG A                         

###### 

IC~30~ values of the test compounds for inhibition of tyrosinase activity and melanin content in B16F10 cells exposed to UVA irradiation.

Table 2

  **Test compounds**   **IC**~**30**~**(μM)**                                        
  -------------------- ------------------------------------------------------------- -------------------------------------------------------------
  Caffeic acid         17.54±4.8[\*\*](#tbl2fnStarStar){ref-type="table-fn"}         24.1±6.2[\*\*\*](#tbl2fnStarStarStar){ref-type="table-fn"}
  Ferulic acid         \>30                                                          \>30
  Quercetin            7.8±1.4                                                       10.1±3.1
  Rutin                15.31±4.7[\*](#tbl2fnStar){ref-type="table-fn"}               18.56±4.2[\*](#tbl2fnStar){ref-type="table-fn"}
  Avobenzone           21.94±6.2[\*\*\*](#tbl2fnStarStarStar){ref-type="table-fn"}   24.25±5.9[\*\*\*](#tbl2fnStarStarStar){ref-type="table-fn"}

Data are mean±SD from at least three independent experiments. The statistical significance of differences in the IC~30~ values for different compounds was evaluated by one-way ANOVA followed by Tukey's *post hoc* test.

*p*\<0.05;

*p*\<0.01;

*p*\<0.001 compared with IC~30~ values of QU
